INTRODUCTION
The Central Asian Orogenic Belt (CAOB) is a giant Phanerozoic orogen between the Siberian, Tarim and North China Craton (Fig. 1a; Sengör and Natal'in, 1996; Sengör et al., 1993; Li and Ouyang, 1998; Choulet et al., 2011) . Northeast China is located at the easternmost margin of the CAOB (Natal'in, 1991 (Natal'in, , 1993 Zhou et al., 2012) , and consists of multiple micro-continental massifs and Phanerozoic orogenic belts (Li., 1998; Wu et al., 2011) . From west to east, it is divided into Erguna, Xing'an, Cao et al., 2013) . Other researchers suggested different estimates, including Middle Devonian (Xu and Chen, 1997) , Late Devonian to Early Carboniferous (He and Shao, 1983) , late Early Permian Liu, S. et al., 2010) and early Late Triassic (Xin et al., 2011) .
The different results indicate that Late Paleozoic-Early
Mesozoic is a critical period for the evolution of the eastern part of CAOB. As the second largest Ni-Cu deposit in the CJP, the Late Triassic (220 Ma) ore-bearing maficultramafic intrusions (Hongqiling Nos. 1, 3 and 7 intrusions), which together with coeval granites, have been well documented Xi, 2002, Xi et al., Fig. 1 Han et al., 2010; Xu, Z. et al., 2012) . (b) Tectonic sketch map of NE China (modified after Wilde et al., 2000; Wu et al., 2007; and Zhou and Wilde, 2013) Wei et al., 2013). 2006; Tang and Yang, 2007; Lü et al., 2011; Wei et al., 2013; Hao et al., 2014a, b) . Due to minor occurrence of Middle-Late Permian magmatism in the CJP, the tectonic events of this stage are still poorly constrained. In this study, SHRIMP zircon U-Pb ages, major, trace elements and Nd isotope data of newly identified Middle-Late Permian mafic-ultramafic intrusions are reported, aiming to (1) discuss the petrogenesis of the Middle-Late Permian mafic-ultramafic intrusions; (2) establish a model to explain the tectonic events of the southeastern margin of CAOB during Late Paleozoic-Early Mesozoic; (3) provide some new constraints for the timing of final closure of the PAO.
. (a) A geological map of the location for Hongqiling in the Central Asian Orogenic Belt (modified from

. (c) Geological map of the central area of Jilin Province (modified after
GEOLOGICAL SETTING
Geological background
The CJP of NE China, situated on southeast margin of CAOB, belongs to the northeast part of the North China Block (NCB), with Songnen-Zhangguangcai Range Massif to the north. The CJP connects the Solonker-Xra Moron-Changchun suture to the east. The CJP is mainly composed of granitoids with minor NeoproterozoicCenozoic sediments, volcanics and mafic-ultramafic intrusions (Fig. 1c , Cao et al., 2013; Wu et al., 2007) . Geology of the mafic-ultramafic intrusions Samples were collected from Hongqiling (HQL) region in the CJP (Fig.  2) . More than 60 mafic-ultramafic intrusions are present in HQL and adjacent Chajian (CJ) area. Most of them strike in NW direction which was controlled by NWtrending fault.
HQL area is divided into three mafic-ultramafic belts: Nos. 1, 2 and 3 from west to east. No. 1 belt is located at the western part of HQL area. In this belt, intrusions such as Nos. 1, 2, 3 and 7 occur as small laccoliths, dikes, which intrude into biotite gneisses. Rock types of these intrusions are mainly olivine pyroxenite, gabbro, lherzolite and orthopyroxenite. Ni-Cu mineralization is associated with some of these intrusions. The Nos. 1 and 7 intrusions have medium and large Ni resources, respectively (Lü et al., 2011) .
No. 2 belt is located at the central part of HQL area. In this belt, intrusions (Nos. 4, 5 and 6) occur as dikes and lenses, which intrude the hornblende-plagioclase gneisses and marbles. Rock types include amphibole pyroxenite, gabbro and lherzolite (Fig. 3) . The contact relationships between different rock types are not visible in the field. These intrusions show NW direction foliations which are similar to those of the gneisses from Hulan Group. Previous research suggested that the intrusions in No. 2 belt were formed in the Late Caledonian (JBGMR, 1988) . There is no economic mineralization related to these intrusions.
No. 3 belt is located at the eastern part of HQL. Intrusions such as the Nos. 8 and 31 occur as lenses or veins. These small intrusions are mainly composed of pyroxenite. Economic mineralization has not been found in these intrusions. The mafic-ultramafic intrusions in CJ area extend in NW direction, and occur as veins or lenses. The maficultramafic intrusions are mainly composed of amphibole pyroxenite and olivine-bearing amphibole websterite. Some of them host small Ni-Cu deposits.
Geology of the Hulan Group
The mafic-ultramafic intrusions in the HQL intrude the Hulan Group (HLG), which is dominated by gneisses, schists, and marbles, with a metamorphic grade ranging from sub-greenschist to amphibolite facies (Wu et al., 2007) . Traditionally, the HLG has been subdivided into the Huangyingtun and Xiaosangedingzi Formations from base to top. The Huangyingtun Formation, wall rock of the HQL Nos. 1 and 2 belts, consists of garnet mica schists, biotite/hornblende plagioclase gneisses, and calc-silicate rocks (Chi et al., 1997; Wu et al., 2007) . The Xiaosangedingzi Formation is dominated by marbles, garnet/quartz mica gneisses, and hornblende/biotite plagioclase gneisses (Chi et al., 1997) . The protolith of the HLG comprises intermediate-acid volcanic rocks and carbonates indicating a shallow marine condition (Chi et al., 1997) .
The HLG yielded K-Ar whole-rock isochron ages of Wu et al. (2004) , , Lü et al. (2011 ), Hao et al. (2012 , 2014a and Hao (unpublished data) .
524 ± 16 Ma and 357 ± 23 Ma, indicating that the protolith formed during Cambrian to Devonian (JBGMR, 1988) . U-Pb isotopic analysis of detrital zircons from a garnet schist indicates a maximum deposition age of 287 ± 6 Ma, and Rb-Sr mineral isochron ages indicate that the metamorphism occurred at 250~240 Ma (Wu et al., 2007) .
Sample descriptions
Samples were collected from the HQL Nos. 4, 5 and 6 intrusions in the No. 2 belt. Three rock types including lherzolite, amphibole pyroxenite and gabbro, have been observed. The photomicrographs of typical samples are shown in Fig. 4 . Gabbro. Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Amp: amphibole; Pl: plagioclase. Lherzolites are massive, have medium grained texture, and consist of 45~50% olivine, 25~30% clinopyroxene, and 20~25% orthopyroxene, with minor amount (less than 2%) of apatite and magnetite. Olivine grains from lherzolites are generally anhedral granular and clinopyroxene grains are subhedral to anhedral (Fig. 4a) . The amphibole pyroxenites have medium to fine-grained texture, contains 30~60% clinopyroxene, 20% orthopyroxene, 20~50% amphibole, and minor amount of apatite and magnetite. Clinopyroxene occur as subhedral to anhedral granulars and amphibole occur as anhedral granulars (Figs. 4b and c) . The gabbros have medium to fine-grained texture, contains 65~70% plagioclase, 20~25% clinopyroxene, 5~10% orthopyroxene and accessory apatite, zircon and magnetite. Plagioclase grains are anhedral granular. Clinopyroxene and orthopyroxene grains are subhedral to anhedral granular (Fig. 4d) .
Olivine grains from lherzolites (HQ04-2) have Fo values ranging from 73 to 79. Clinopyroxene from lherzolites (HQ04-2) and amphibole pyroxenites (HQ04-3 and HQ06-3) all have high Mg# of 85~90 (Table 1) .
ANALYTICAL METHODS
Zircon U-Pb ages
Zircons from the Nos. 5 and 6 intrusions for SHRIMP U-Pb dating were separated by conventional heavy liquid and magnetic techniques. The zircons were handpicked under the binocular microscope and mounted in epoxy discs and polished to expose approximately half of the grains. After photograph using transmitted and reflected light microscopes, cathodoluminscence (CL) pictures were obtained using a HITACHI S-3000N scanning electron microscope with a Gatan Chroma CL detector in the Beijing SHRIMP Center, Chinese Academy of Geological Sciences. Zircon U-Pb analyses of samples HQ05-3T and HQ06-8T were undertaken on the polished mount using a sensitive high-resolution ion microprobe (SHRIMP II) at the Beijing SHRIMP Center, Chinese Academy of Geological Sciences. The analytical procedures were the same as described by Compston et al. (1992) and Song et al. (2002) . The standard TEM zircons (age of 417 Ma) of RSES (Research School of Earth Sciences) were used to determine the elemental discrimination that occurs during sputter ionization. Data processing was carried out using the Isoplot programs of Ludwig (2001) .
Mineral compositions
Mineral analyses were conducted on a JEOL JXA-8100 Electron Probe Micro-analyzer (EPMA) with an automatic four-spectrometer wavelength dispersive system at Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China. Analytical conditions were optimized for standard silicates and oxides, with 15 kV accelerating voltage, 20 nA beam current, 5 mm beam size, and peak counting time of 30 s and on background of 10 s. The precision is better than ±2% for most elements.
Major and trace element contents
Major elements oxides and trace elements concentrations were performed at the Institute of Geophysical and Geochemical Exploration, Chinese Academy of Earth Sciences. Major elements were determined by X-ray fluorescence (XRF) with precision better than 1%. Trace elements were measured by inductively coupled plasma-mass spectrometry (ICP-MS) with a precision better than 10%. Analytical data are provided in Trace elements (ppm) Sc Sun and McDonough (1989) .
Nd isotope analysis
The whole rock Nd isotopic ratios were measured at the laboratory for radiogenic isotope geochemistry of the Institute of Geology and Geophysics, Chinese Academy of Sciences, using a Finnigan MAT-262 multiple collector thermal ionization mass spectrometer running in dynamic mode. Pin and Zalduegui (1997) and Chen et al. (2002) . The Nd isotopic compositions are presented in Table 3 .
RESULTS
Zircon U-Pb dating
Zircon U-Pb isotopic data are summarized in Table 4 , and presented in Fig. 5 and concordia diagrams (Fig. 6) .
A gabbro (sample HQ05-3T) from the No. 5 intrusion was collected for zircon U-Pb dating. Zircons from this sample are prismatic, euhedral to subhedral and transparent, with well-developed oscillatory zoning, indicating a magmatic origin. They are 100~200 mm in length and 50~100 mm in width, with length/width ratios of 4:1 to 2:1. They have variable Th (71-705 ppm) and U (32-291 ppm) concentrations, with Th/U ratios varying from 0.17 to 1.04. Sixteen analyses were conducted on 14 zircon grains. Among sixteen analyses, two analyses (9.1 and 12.1) give 206 Pb/ 238 U ages of 242.3 ± 4.6 and 298 ± 6.6 Ma, respectively. The remaining fourteen analyses yielded a weighted mean 206 Pb/ 238 U age of 272.0 ± 3.6 Ma, which is considered as the emplacement age of the No. 5 intrusion (Figs. 6a and c) .
A gabbro (sample HQ06-8T) was collected from the No. 6 intrusion for zircon U-Pb dating. Most zircons from this sample are prismatic, euhedral to subhedral and transparent, with well-developed oscillatory zoning, suggesting an igneous origin. They are 100-300 mm long, 100~200 mm wide, with length/width ratios of 3:1 to 1:1. They have variable Th (49-249 ppm) and U (25-229 ppm) concentrations, with Th/U ratios varying from 0.35 to 0.92, consistent with a magmatic origin (Koschek, 1993 (Figs. 6b and d) .
Geochemical characteristics
Whole-rock major and trace element concentrations of the Nos. 4, 5 and 6 intrusions are listed in (Lugmair and Marti, 1978 The concentrations of total rare earth elements (ÂREE) of the Hongqiling mafic-ultramafic intrusions range from 8.88 ppm to 90.55 ppm (without yttrium), with an average value of 34.71 ppm. The total light rare earth element (ÂLREE) concentrations range from 7.17 ppm to 73.48 ppm, and the total heavy rare earth element (ÂHREE) concentrations range from 1.71 ppm to 17.07 ppm. The chondrite-normalized REE diagrams (Fig. 8a) show REE-fractionated patterns, with (La/Yb) N ranging from 3.40 to 10.36, and positive Eu anomalies (Eu/Eu* = 1.08~1.85). The chondrite-normalized REE patterns of the Nos. 4, 5 and 6 intrusions are similar to those of the No. 1 intrusion except for their lower HREE contents (Fig.  8a) . The primitive mantle-normalized trace element spider diagram (Fig. 8b) shows that all samples are enriched in large ion lithophile elements (LILEs) (i.e., Rb, Ba, Pb, and Sr) and depleted in high field strength elements (HFSEs) (i.e., Zr, Nb, Ta, and Hf). On the Eu/Eu* vs. Sr/ Pr diagram (Fig. 9a) , an increase in Sr/Pr ratios with increasing Eu/Eu* ratios of Nos. 4, 5 and 6 intrusions suggests fractionation of plagioclase (Ivanov et al., 2008) .
Samples from the HQL No. 5 intrusion display relatively homogeneous initial 143 Nd/ 144 Nd ratios, ranging from 0.5125 to 0.5126. The e Nd (t) (t = 270 Ma) values of these samples range from 2.69 to 4.61.
DISCUSSION
Geochronology of the Hongqiling mafic-ultramafic intrusions
New geochronological data of mafic-ultramafic intrusions in the CJP are presented in Table 5 and Fig. 2 Hao et al., 2012) . In addition, Late Triassic Re-Os isotopic isochron ages of sulfide ores were reported, such as the No. 7 intrusion (208 ± 21 Ma, Lü et al., 2011) , the No. 1 intrusion (237 ± 16 Ma, Hao et al., 2014a) and the No. 2 intrusion (215 ± 24 Ma, Hao et al., 2014a) . These data reveal that the mafic-ultramafic magmatism and associated ore deposits from the HQL No. 1 belt were formed in Late Triassic. In this study, the formation time of the Nos. 5 and 6 intrusions were 272.0 ± 3.6 Ma and 258.8 ± 3.4, respectively. These new U-Pb zircon SHRIMP ages indicate that mafic-ultramafic magmatism in the HQL No. 2 belt were formed in Middle-Late Permian, not in the Late Caledonian (JBGMR, 1988) which has been reported previously. The U-Pb zircon SHRIMP age of the CJ intrusion is 240 ± 3 Ma (Hao et al., 2013) , and the HQL No. 8 intrusion from the No. 3 belt yield weighted mean 206 Pb/ 238 U age of 238 ± 3 Ma (Hao, unpublished data) . Therefore, it can be concluded that two stages of mafic-ultramafic magmatism occurred in this area during Late Paleozoic (~272 Ma) to Early Mesozoic (~212 Ma), namely, Middle-Late Permian (272~258 Ma) and Middle-Late Triassic (240 ~212 Ma).
Petrogenesis of the Hongqiling mafic-ultramafic intrusions
Since lherzolites, amphibole pyroxenites and gabbros from the HQL Nos. 4, 5 and 6 intrusions have low SiO 2 , but high MgO, Cr and Ni contents, they were suggested to be derived from a mantle source. Most of the samples are characterized by positive LREEs, LILEs anomalies, but negative Nb and Ta anomalies, which may indicate the influence of crustal contamination or origin from a metasomatized lithospheric mantle (Ionov and Hofmann, 1995; Zhang and Fu, 2005) . However, they show higher La/Nb (1.0~2.6), Ba/Nb (9.7~84.2) and lower Nb/U (5.3~24.9) ratios than those of average continent crustal (La/Nb = 1.50; Ba/Nb = 32.5; Rudnick and Fountain, 1995) , which cannot be explained by crustal contamination. The absence of correlations of e Nd (t) and (Nb/La) N with MgO (Figs. 7g and h ) are inconsistent with crustal contamination processes. Therefore, the high La/Nb, Ba/ Nb and low Nb/U values indicate that the mantle source have been modified by subducted slab-derived fluids. In addition, the presence of amphiboles also indicates a lithospheric mantle component. On the other hand, they have high Nb/Yb ratios (1.87~5.33), comparable to those of E-MORB (3.5) (Fig. 9b) , suggesting that an E-MORBlike asthenospheric mantle was involved. This conclusion is further supported by high Nb/La ratios (1.0) of some samples (HQ04-4 and HQ05-1). Moreover, in the La-Nb/ La diagram (Fig. 9c) , the samples define a clear transition trend between a lithospheric mantle and an asthenospheric mantle. Therefore, we propose that the Middle-Late Permian (e.g., Nos. 4, 5 and 6) intrusions were probably formed by interaction of asthenospheric and metasomatized lithospheric mantle. In this scenario, upwelling asthenospheric mantle would have underwent decompression melting and induced partial melting of overlying metasomatized lithospheric mantle.
Previous studies revealed that the Late Triassic maficultramafic intrusions (e.g., Nos. 1 and 7) possess positive e Nd (t) values varying from 0.2 to 5, and show enrichments in LILE and LREE relative to HFSE, with negative Nb-Ta anomalies, suggesting that the Late Triassic mafic-ultramafic magmas were derived from partial melting of a metasomatized lithospheric mantle triggered by upwelling asthenosphere Lü et al., 2011; Wei et al., 2013) . Relative to the MiddleLate Permian (e.g., Nos. 4, 5 and 6) mafic-ultramafic magmas, the Late Triassic magmas have higher HREE contents. As shown in Fig. 9d , the Middle-Late Triassic magmas have lower Sm/Yb ratios than those of the Middle-Late Permian magmas, which may reflect the various amount of residual garnet in their mantle source (Wei et al., 2014) . The low Sm/Yb ratios of the Late Triassic magmas indicate that their parental magmas were derived from a shallower depth than that of the MiddleLate Permian magmas (Wei et al., 2014) .
Tectonic implications
Previous studies mostly focused on the evolution history of the western segment of the CAOB, and the closure of the PAO in the western segment of the CAOB possibly occurred during 400-290 Ma (Heubeck, 2001; Zhou et al., 2001) . However, little attention has been paid Sun and McDonough (1989; units (wt.%) Sun and McDonough (1989). Shadows are the No. 1 intrusion, data from Hao (unpublished data). to the closure of the PAO in the eastern segment of the CAOB, and the timing of final amalgamation between the NCB and NE China is hotly debated. Many workers proposed that the final closure of the PAO took place before Late Devonian, based on the unconformity between the upper Devonian strata and underlying geological bodies in Sunid Zuoqi area (Tang, 1990 (Tang, , 1992 . On the other hand, Li (2006) pointed out that the Devonian unconformity only occurred in Sunid Zuoqi area, and is not observed in other areas of NE China and adjacent regions. Considering the fact that Devonian to Carboniferous marine strata occurred in the Hegenshan ophiolite belt, the Devonian unconformity probably records a local transgressive event (BGMRNMAR, 1991; Du et al., 1988) .
Petrologic and geochemical data of the Early Permian volcanic rocks in the CJP suggest a strong affinity to arcrelated setting (Meng and Ge, 2001; Cope et al., 2005; Li et al., 2007; Cao et al., 2012; Meng et al., 2008; . This interpretation is further supported by the existence of Permian marine sedimentary strata, carbonate formation in the CJP (JBGMR, 1988; Wang and Fan, 1997; Shang, 2004) . Therefore, the CJP might have been an active continental margin formed by southward subduction of the PAO oceanic lithosphere during the Late Paleozoic, rather than an aulacogen or a rift (Su, 1996; Wang and Su, 1996) . Middle-Late Permian (272~258 Ma) post-collisional extension The geochemical data of the Middle-Late Sun and McDonough (1989) .
Permian (272-258 Ma) mafic magmatism suggest that they were probably formed by the interaction between asthenospheric and metasomatized lithospheric mantle. The magmatism of this stage is distinctly different from Early Permian (290-270 Ma) arc-related volcanic rocks dominated by basalt and andesite (Meng et al., 2008; Cao et al., 2012) . Thus, an arc-related setting seems unlikely. Instead, emplacement of the magmatism requires an upwelling asthenospheric mantle in an extensional setting. A slab break-off regime, soon after the collision between the NCB and the Songnen-Zhangguangcai Range Massif (SZRM), may account for the formation of these mafic-ultramafic intrusions.
Slab break-off usually occurs in the initial stage of the continental collision, due to the failure of subduction of related continental lithosphere (Huw Davies and von Blanckenburg, 1995) . In this scenario, upwelling asthenosphere decompressionally melted and caused the partial melting of overlying lithospheric. Mixing between melts derived from asthenospheric and lithospheric mantle may account for the formation of the Nos. 4, 5 and 6 intrusions. Meanwhile, underplating basaltic magmas provided heat to cause partial melting ancient lower continental crust to produce the Middle Permian intrusive rocks such as garnet-bearing monzogranites (Fangniugou pluton, 270 Ma; Cao et al., 2013) . Moreover, molasse formation with ages of 270~268 Ma indicate that a rapid uplift was present in the CPJ .
Thus, Permian evolutionary history can be envisaged as follows. In Early Permian, the CPJ represents an active continental margin formed by southward subduction of the PAO oceanic lithosphere beneath the northern margin of the NCB, and associated arc-related volcanic rocks formed. At the earliest Middle Permian, the subducting oceanic lithosphere began to detach following the collision between the northern margin of the NCB and the SZRM. Upwelling asthenospheric mantle rose up through the lithospheric gap and caused partial melting of the asthenosphere and overriding metasomatised lithosphere (Fig. 10a) .
Initial collision between the NCB and the SZRM means that the oceanic basin began to vanish. However, Middle-Late Permian ophiolites, associated continental marginal sequences and paleobiogeographical data suggest that the marine basin in the area was a residual oceanic basin (Li, 1995 (Li, , 2006 . For this reason, the initial collision between the NCB and the SZRM during Middle Permian does not represent the final closure of the PAO. Middle-Late Triassic (240~212 Ma) post-orogenic extension Previous studies showed that the parental magmas of the Late Triassic intrusions were derived from partial melting of metasomatized lithospheric mantle triggered by upwelling asthenosphere. Relative to the Middle-Late mafic magmas, the Late Triassic mafic magmas possess lower MREE/HREE (e.g., Sm/Yb) ratios, suggesting they were originated from a shallower mantle than the Middle-Late Permian intrusions. Thus, it is reasonable to assume that the lithospheric mantle in the Late Triassic is relatively thinner than that in the Middle-Late Permian, which may be caused by lithospheric delamination in NE China during Triassic .
As observed in the field, the Middle-Late Permian intrusions show foliations with NW strike, which are consistent with the deformation direction of the HLG. However, the Middle-Late Triassic intrusions were not subject to deformation. This contrast indicates that the deformation of the Middle-Late Permian intrusions may be related to the metamorphism of the HLG. Therefore, the lower and upper limits of the metamorphic ages can be constrained by the youngest age of Middle-Late Permian mafic-ultramafic intrusion and the oldest age of MiddleLate Triassic mafic-ultramafic intrusion, respectively. Wu et al. (2007) proposed that the metamorphic event of HLG displays a clockwise P-T path, consistent with a metamorphic event related to continent-continent collision. Syn-collisional granites (Dayushan granite, 248 Ma; Sun et al., 2004) and adakitic monzogranites formed by partial melting of a thickened mafic lower crust (Cao et al., 2013) have been found in the CPJ in this period. In addition, paleogeographic observation indicates that the sedimentary sequence progressively changed from marine to continental facies in character (Wang and Liu, 1997) . These evidences suggest a compressional tectonic setting in the CJP from Late Permian to Early Triassic (258-240 Ma), which may mark the final closure of the PAO (Fig.  10b) .
The Middle-Late Triassic mafic-ultramafic intrusions and granitoids are widespread in the CJP (Qi et al., 2009; Sun et al., 2005; Wu et al., 2002 Wu et al., , 2011 , and they constitute a bimodal igneous rock association (Xu, W. L. et al., 2009 . The occurrence of A-type granites also reflects an extensional setting (Wu et al., 2002 (Wu et al., , 2011 . Therefore the Middle-Late Triassic magmatism probably reflects a post-collisional extension setting.
The following scenario is proposed to account for the emplacement of Middle-Late Triassic intrusions. During Late Permian to Early Triassic, due to the southward subduction of the Mongol-Okhotsk oceanic plate beneath the CAOB (Jiang et al., 2010) and northward subduction of the Yangtze Block beneath the NCB (Li et al., 1993 (Li et al., , 2000 , the final amalgamation of the NCB and the east segment of CAOB took place and the residual oceanic basin of the PAO finally closed ( Fig. 10c ; Sun et al., 2004; Wu et al., 2007; Cao et al., 2013) . Consequently, the Middle-Late Triassic mafic-ultramafic intrusions in the HQL and CJ were derived from the partial melting of lithospheric mantle heated by upwelling of asthenospheric mantle (Wu et al., 2002) in a post-orogenic extensional setting in response to delamination of the lithospheric mantle.
CONCLUSIONS
During Late Paleozoic-Early Mesozoic, two stages of mafic magmatism have been identified, namely, the Middle-Late Permian (272~258 Ma) intrusions (Nos. 4, 5 and 6) and the Middle-Late Triassic (240~212 Ma) intrusions (Nos. 1, 3 and 7). Petrographic and geochemical data indicate that the Middlle-Late Permian maficultramafic intrusions were derived by interactions of melts derived from upwelling asthenosphere and metasomatized lithospheric mantle in a slab break-off scenario. The Middlle-Late Permian mafic-ultramafic intrusions were formed after the collision between the northern margin of the NCB and the Songnen-Zhangguangcai Range Massif (SZRM). In contrast, the Late Triassic intrusions show lower Sm/Yb ratios, suggesting that they originated from a shallow mantle than that of the Middle-Late Permian intrusions. And the Middle-Late Triassic intrusions were formed under an extensional environment due to lithospheric delamination after the final amalgamation of the NCB and the Songnen-Zhangguangcai Range Massif. The two stages of mafic magmatism constrain the final closure of the PAO during Late Permian-Early Triassic at the eastern part of CAOB.
Middle-Late Triassic mafic-ultramafic intrusions in the study area host many economic Cu-Ni sulfide deposits. By contrast, economic mineralization has not been found in the Middle-Late Permian mafic-ultramafic intrusions (Nos. 4, 5 and 6). The difference in metallogenesis may be related to the distinctive origin of these two stages of mafic-ultramafic magmatism. Detailed investigation of these two stages of magmatism provides a new perspective on the ore-controlling conditions of related Ni-Cu deposits.
